Abstract-Resonant type capacitive MEMS transducers were fabricated using a Multi-User MEMS Process (MUMPs) for the detection of acoustic emission (AE). Electrical and mechanical characterization of the MEMS transducers has been performed. The performance of the transducers is limited by the noise. In this paper, we present the noise analysis, the discussion of noise sources, and show that Brownian noise plays a significant role in the capacitive MEMS transducers.
I. INTRODUCTION
Acoustic emission is an ultrasonic wave generated when elastic energy is released in a structure by permanent and irreversible change. As a nondestructive evaluation method, acoustic emission testing is widely used to detect and locate faults in structures. Detection of acoustic emission events allows determination of stress conditions that have the potential to cause permanent damage. The frequency spectrum of acoustic emission events is between 100 kHz and 1 MHz.
We report here a MEMS sensor that replaces conventional piezo-electric transducers for acoustic emission. In our design, a polysilicon plate is suspended by springs and set into motion when acoustic energy is coupled to the substrate. This results in a resonant-type transducer that is only sensitive to the Fourier components of the acoustic emission waveform near its resonant frequency. The sensitivity of such a transducer depends on the damping or quality factor of the resonator and in addition is limited by inherent Brownian noise.
In this paper we report on the construction and characterization of a MEMS acoustic emission transducer. In particular we will focus on the factors that determine the resonator damping and noise. Fig. 1 shows the concept for an acoustic emission transducer. An ultrasonic wave produced by crack propagation is coupled to the bottom plate of a capacitive transducer. The top plate then vibrates with respect to the bottom plate, resulting in a time-varying voltage v m (t). This time-varying voltage is acquired and analyzed using a data acquisition system. 
II. TRANSDUCER DESIGN
where m is the effective mass of the top plate and k is the spring constant of the supports. For such a transducer it can be shown that the maximum signal current i m resulting from a displacement of the bottom plate of amplitude u m is given by [1] 
where ε 0 is the dielectric permittivity of vacuum, g is the gap between the top and bottom plates of the capacitor, A is the transducer area, ω 0 is the resonant frequency, and Q is the quality factor. The signal increases with the quality factor and as a result it is desirable to design transducers for a high Q value. In transducers operated at atmospheric pressure damping is caused by both the radiation acoustic energy into air and squeeze-film damping associated with the movement of air into and out of the etch release holes. The design of the diaphragm shape and etch hole spacing determines the Q of the transducer. Fig. 2 illustrates the transducer design used in this work. The transducer is designed in the poly-MUMPS process [2] and uses POLY0 as the bottom electrode and POLY1 as the top electrode. The nominal gap between the electrodes is 1.25 µm. In this design the damping is reduced by close spacing of the etch release holes (3.5 µm square and arranged in a triangular array). Four transducers with different resonant frequencies were fabricated on a single 0.5 cm x 0.5 cm chip. The resonant frequencies were obtained by varying the spring constant of the supports [3] . 
III. PACKAGING AND CHARACTERIZATION
Completed chips were attached onto a 68 pin cavitydown ceramic package [4] using silver epoxy [5] and then wire-bonded. The inverted configuration of these packages gives a large flat surface suitable for attachment to the structure of interest.
Electrical characterization was performed in order to determine the resonant frequencies and Q of the completed transducers. Impedance measurements were performed using a HP 4192A LF impedance analyzer. Figure 3 shows the results of this measurement for one of the transducers obtained with a DC bias voltage of 12 V. Characterization results for all transducer types are presented in Table I . These results show a moderate improvement in quality factor over a previous design with less optimum etch hole spacing [6] . Packaged transducers have been integrated with amplifier and bias circuitry in order to obtain a compact unit that can be easily used in testing applications. Fig. 4 shows the completed transducer unit (without cover). The electronics is on two custom-design circuit boards and consists of four independent channels of amplification (gain of 100 V/V). Also included is bias circuitry including bypass capacitors to eliminate noise introduced through the bias channel. This unit connects directly to a National Instruments PCI-6110 DAQ board which simultaneously acquires signals from all four channels.
Integration of the amplifier, bias circuitry, and transducers results in a considerable reduction of electrically coupled noise, which in previous work has been a serious limitation [1] . Performance is now limited by the intrinsic noise of the transducers themselves. In the following section we discuss the magnitude of this noise and also possible options for further reduction in noise. IV. TRANSDUCER NOISE The ultimate limit on transducer performance is determined by Brownian noise, caused by collisions between air molecules and the suspended diaphragm. The spectral density of the squared magnitude of the force [N 2 /Hz] caused by air molecules is independent of frequency and is given by [7] 
The current in the external circuit is related to velocity spectral density through
where V DC is the applied DC bias, g the gap between plates,
A the plate area, and C 0 = ε 0 A/g is the capacitance between the plates. Consequently
and integrating over the amplifier bandwidth we have for the RMS noise current . (8) The argument of the integral in (8) is strongly peaked near the resonant frequency ω 0 ; provided the amplifier bandwidth ω H encloses the resonant peak the upper limit can be extended to infinity. In this case the result is almost independent of Q. Table II shows the predicted noise voltage at the output of the amplifier for an amplifier gain of 100 V/V and in input resistor of 160 kΩ. The RMS noise voltage is independent of the Q and as all our devices have the same area and gap the only parameter which can lead to different noise voltage is the DC bias (9 V for all transducers). Also shown is the measured RMS noise voltage for three transducers with an amplifier of bandwidth 800 kHz. The measured and predicted noise voltages are roughly equal, suggesting that the amplifier noise and interference do not limit performance of the transducer. V. VACUUM SEALING As the transducer noise limits the minimum detectable acoustic signal, we now consider factors which can further improve the transducer performance. Both detected signal and transducer noise scale in the same way with area and electrode gap, so these parameters cannot be used to improve performance. However the signal is linearly dependent on Q and the noise is independent of Q. Consequently the signal-to-noise ratio is improved in transducers with higher Q. We have determined that it is impractical to obtain any significant further improvement in Q by increasing the number of etch release holes. As a result we have explored packaging transducers in vacuum as is often done with MEMS accelerometers. While there exist production technologies for sealing packages [8] , these are difficult to implement at the laboratory scale. Instead we have used lead-tin solder to attach a metal lid with a small hole to the package. Then the package is placed in a vacuum chamber and the small hole is sealed with solder while the package is still under vacuum. Fig. 5 shows the sealed package. Table I . The measured admittance is unchanged after one month or more, indicating that the leak rate is very low.
SUMMARY
We have reported on the characterization of MEMS acoustic emission transducers. When closely integrated with a well-designed amplifier, the performance of these transducers is limited by Brownian noise. The measured noise magnitude is in good agreement with the predictions of theory, which indicate that noise is independent of the Q the transducer. Finally, we have described a simple method for sealing the transducers in vacuum which is expected to substantially increase the signal to noise ratio.
